Abstract: Rotating systems suffer from lateral and torsional vibrations which have detrimental effect on the roto-dynamic performance. Many available technologies such as vibration isolators and vibration absorbers deal with the torsional vibrations to a certain extent, however passive isolators and absorbers find less application when the input conditions are dynamic. The present work discusses use of a smart material called as Magneto Rheological Elastomer (MRE), whose properties can be changed based on magnetic field input, as a potential isolator for torsional vibrations under dynamic loading conditions. Carbonyl Iron Particles (CIP) of average size 5 µm were mixed with RTV Silicone rubber to form the MRE. The effect of magnetic field on the system parameters was comprehended under impulse loading conditions using a custom built in-house system. Series arrangement of accelerometers were used to differentiate between the torsional and the bending modes of vibration of the system. Impact hammer tests were carried out on the torsional system to study its response, in the presence and absence of magnetic field. The tests revealed a shift in torsional frequency in the presence of magnetic field which elucidates the ability of MRE to work as a potential vibration isolator for torsional systems.
Introduction
Torsional vibrations have been a subject of study due to its role in causing catastrophic failure in many of the rotating members. All systems subjected to rotation involve torsional oscillations during start up or shut down of prime mover. During this, the system may pass through the torsional natural frequencies of the system. Since the time for which the system dwells in the frequency is less, the possibility for a failure is minimum. However prolonged modes of operation may lead to an imminent failure of the system. Hence an in-depth study of reduction of torsional vibrations in the rotating systems has been one of the prominent aspects in the design of rotating systems 1 2.
Reducing vibration in systems has been carried out in various ways. Vibration absorbers and vibration isolation concepts have been used effectively in arresting translatory as well as rotational vibrations of systems. Absorbers employ the fact that adding a secondary mass to the primary system of interest reduces the amplitude of vibration on the primary system. Isolators on the other hand rely heavily on the system's inherent properties (mainly stiffness and damping) to reduce the amplitudes of critical oscillations. The present paper focusses on the latter.
Vibration isolation has been efficiently carried out in systems in various ways. It involves changing the stiffness or the damping of the system between the source of disturbance (Base) and the source of interest (Mass/Inertia). Based on the controllability, isolators are divided into "Passive, Active and Semi-active" systems. Passive isolation systems have been successfully implemented in many applications for it is economical and very easy to be built into. However it fails to work for systems with varying properties of stiffness and damping. Active isolators resolve this issue as they have a feedback supplied to the actuation unit. Due to their bulky nature and sophistication, they have been popular only within a limited branch of dynamics. Semi-active isolators bridge the gap between the two. They incorporate the simple yet effective characteristic of the passive systems and the ability to change the properties of the systems as that of the active systems.
One aspect that sets the semi active and the active vibration systems apart is the ability of the material to change its inherent property. Such materials are called Smart Materials. Many smart materials such as piezo materials, shape memory alloys, magnetostrictive materials and newer forms of composites have been used in the effective mitigation of vibration amplitudes. One such material is called Magneto Rheological Elastomer also known as MRE. MRE is the solid form in the family of smart materials called as Magneto Rheological materials. Its fluid analogue, the Magneto Rheological Fluids have been used as fluid dampers in suspension systems for their excellent damping capabilities. MRE on the other hand have been used for vibration isolation under dynamic loading conditions. It consists of a viscoelastic matrix material in which the iron particles are imbibed either randomly (Isotropic) or along the direction of induced magnetic field during its curing process (Anisotropic). The elastomer upon curing forms into a solid form and on application of magnetic field, the iron particles arrange themselves as chains in the direction of the applied field. Due to this, the material undergoes changes in its properties. This has been used as isolators in systems with varying ranges of natural frequency making it to be efficiently used in semi-active and active vibration isolation systems.
MRE have been extensively studied for its isolation properties. Since the initial work carried out by Ginder et al. 3 , numerous papers deal with MRE's isolation capabilities. However the isolation capabilities of MRE have been studied in the translatory modes of vibration. Liao et al. 4 worked on real time tunable vibration isolators with multiple layers of MRE. Jeong et al. 5 carried out designing a MRE elastomer differential mount which was used in between the engine and the car body. MRE has also been studied in seismic vibration isolation. Jung et al. 6 carried out base vibration tests on MRE with various forms of input being given to the structure. Behrooz et al. 7 8 studied the variable stiffness and damping in base isolation. An increase of 57 % in the shear performance was observed. It has to be noted that the frequency of operation for which the isolation studies have found to be effective is in the lower range (i.e., in the range of 1 to 100 Hz). Hegde et al. 9 examined the effect of particle size on the dynamic damping of the MRE. Transmissibility ratio for two particle sizes were compared along with the loss factor. It was found that the smaller particle sized MRE showed better improvement on loss factor compared to pure silicone due to agglomeration of the particles.
Research has been carried out in using MRE as a potential semi-active vibration absorber in powertrain systems. Hoang et al. 11 carried out numerical simulations on a vibration absorber. An adaptive tunable vibration absorber (ATVA) based on MRE was designed and developed. The effectiveness of ATVA was evaluated in terms of shift in the resonant frequencies was numerically investigated on powertrain systems.
Experimental modal analysis provides an excellent way to determine many of the modal parameters. The modal parameters are determined using the Frequency Response Functions (FRFs) which is the ratio of the output response to the input force which is given to the system. The input force may be given in-terms of modal shakers or using an impact hammer which gives impulse input. The present paper deals with understanding the torsional frequency variation under the influence of magnetic field using FRF response.
Methodology

MRE Preparation
An RTV based silicone material is used as the matrix with Carbonyl Iron Particles (CIP) of an average diameter of 5 μm mixed into it. The volume fraction of the matrix to the CIP is 73:27. The details of the constituent materials are as shown in Table 1 : The procedure involves mixing the RTV silicone with the CIP in the mentioned concentration. The mixture is stirred continuously till the constituent materials get mixed thoroughly. This mixture is then poured into the mould and is degassed until the air bubbles are removed. This is subjected to curing for a period of 20 hours under constant pressure at room temperature.
Experimental Setup
The schematic of the experimental setup is as shown in Fig. 1 . It consists of two Aluminum shafts connected via the MRE coupler and one Mild Steel disk mounted on each of the shafts at the free end. To measure the torque, two HBM T22, 10Nm Torque transducers (TT) was used on either side of the isolator. The Torque transducers and the bearings were firmly supported on the rigid base. Further an YMC Piezotronics Inc. single axis accelerometer was used to measure the frequency response of the base. In order to extract the bending and the torsional modes of the system separately, four triaxial accelerometers (Measurement Specialities Inc), two on either disks were used. A PCB Piezotronics impact hammer was used to provide the impulse force. To induce magnetic field, permanent magnets (type N52, Neodymium magnets) were used. A Lake Shore, (Model 410) Gaussmeter was used to measure the generated magnetic field. The data obtained from the sensors was read through NI 9234, a National Instrument Data Acquisition unit into a NI PXIe-1082 which was further read through LabVIEW 2014 (Fig. 2) Prior to finding out the bending and the torsional modes of vibrations, a modal analysis was carried out on the rigid base member (Fig. 3) using Roving hammer test. This was done to analyse the predominant frequencies of the base which could have a likely effect on the system's natural frequency. This is proceeded with finding the bending and the torsional modes of vibrations using the Serial Accelerometer Arrangement (SAA) and the Parallel Accelerometer Arrangement (PAA) of the two tri-axial accelerometers 12 as shown in Fig.  4 . The frequencies corresponding to the peak amplitudes from the response graphs determine the torsional and the bending modes of vibrations. Once the torsional modes was found, the effect of field on the torsional natural frequencies and the amplitude was studied. To impart torsional oscillations on the system, an extension is attached on the inertial element (disc), and an impact is given on end of the extension as shown in Fig. 2 . Similar approach has been carried out to impart torsional oscillations on systems 13 14. The frequency resolution is 0.1 Hz with the number of averages considered is 10. Kuang et al. 12 developed a two accelerometer system to evaluate the bending and torsional natural frequencies of a shaft-rotor system. Two accelerometers in parallel and serial combinations have been used and the corresponding natural frequencies in bending and torsion were calculated. Similar approach is applied in the present set-up to obtain the torsional natural frequencies of the system.
Fig. 4. Parallel and Serial arrangements of Accelerometers
For the serial and parallel arrangement of the accelerometers, the equations 12 of the harmonic response is given as,
wherein:
are the harmonic response in PAA and SAA measurement ∅ ∅ Are the linear displacement and the angular displacement terms Ω are the bending mode and torsional mode natural frequencies are the harmonic force and harmonic torque applied on the disks For a single degree of freedom system the harmonic signal in torsional mode is given as,
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From the above equation, the FRF function for the torsional modes of frequencies can be obtained as,
3 Results and discussion
Impact test results on the Torsional vibration system base
As discussed in the previous section, the primary aim was to identify if any of the natural frequencies of the base structure are close to torsional natural frequencies of interest. Table  2 indicates the lowest frequencies at which peaks were observed in inertance FRFs obtained at various positions (1-5) when impact was given at locations (i) to (vii) shown in Fig. 3 . From the table it is seen that the least frequency component obtained is 100 Hz and 110 Hz with the mountings on the base. This implies that the base frequency components do not affect the torsional natural frequencies which are expected to be within 50 Hz corresponding to the working torsional frequency range of many of the rotating systems. It is seen that the addition of the mountings increases the natural frequency of the base to 115 Hz. This is due to the fact that the mountings result in increase of the stiffness of the base structure. Fig. 5 and Fig. 6 show the torsional and bending modes of the disk-shaft system with the serial and parallel arrangement of the accelerometers. As seen, the serial arrangement of the accelerometers reveal the torsional mode of vibration which occurs at approximately 13.5 Hz (780 rpm) which is the speed of interest for many of the torsional systems.
Determination of torsional and bending modes using accelerometer pair measurements
Fig. 5. Accelerometers reading for serial arrangement
In the parallel arrangement of accelerometers, bending mode of system is enhanced while torsional mode is cancelled due to phase lag in accelerometers. It is seen that the bending mode occurs at approximately 42 Hz which is found to be away from the torsional mode of vibration. From this it is seen that under the frequency range of interest (i.e., 1 Hz to 50 Hz), there is only the torsional natural frequency seen and with this, the effect of magnetic field on the stiffness is investigated. 
Variation in torsional natural frequency under the influence of magnetic field
The system is subjected to impact hammer tests and the response is analysed. Two torque transducers, one measuring the input torque and the other measuring the output (both with respect to the input impact force), is used to obtain the FRF. Fig. 7 and Fig. 8 show the response of the system in the absence and presence of magnetic field for the input (Torque transducer-1) and the output (Torque transducer-2) transducers.
Torsional Mode Bending Mode
The FRF graph for TT-1 is as shown in Fig. 7 . The initial DC component is neglected. From the graph it is seen that under 0T (no field condition), the FRF peaks up at approximately 13.5 Hz, which represents the torsional natural frequency of the system. However under the influence of magnetic field (i.e. 0.15T), it is seen that the FRF shows a frequency shift to 14.5 Hz along with a reduction in amplitude, H(ω). Similar case is seen in Fig. 8 with the torque transducer-2. From the graphs it is seen that the absolute shift in the frequency is approximately 7 % when the field is increased to 0.15 T. The shift in the torsional natural frequency is attributed to the influence of magnetic field on the properties of MRE. Under the influence of the magnetic field, there is an enhancement of dynamic stiffness of the elastomer which results in increase of the natural frequency of the MRE.
This enhancement in stiffness can be attributed to the compressive forces generated on the matrix material due to CIP (Fig. 9 ). For simplicity a unit cell of the CIP-Matrix is considered 15 16 It is also seen from the FRF plots that there is a reduction in amplitudes at the resonant frequency in the 0 T and 0.15 T curves. Table 3 shows the comparison between the FRF amplitudes between the two conditions. 
Conclusions
The isolation capabilities of Magneto Rheological Elastomer has been investigated experimentally using the impact hammer technique. It was seen that in the presence of field, the natural frequency of the system shifted from 13.5 Hz to 14.5 Hz. This was ascribed to the increase in the stiffness of the MRE in the presence of field. The well-established di-pole mechanism was used to explain the effect. Also there was a reduction in the amplitude of 0T field, in the presence of field. This proved that the MRE, under torsional shear, worked as an effective isolator.
